Introduction
The killifish, or mummichog, Fundulus heteroclitus, survives in heavily polluted areas and can tolerate considerable exposure to heavy metals. In the course of analyzing possible mechanisms that enable the mummichog to tolerate heavy metals, their livers were analyzed because this organ is the source of metal-binding proteins (1) . Earlier, the association of copper and mercury with hepatic metallothionein was studied (2) . Less than 10% of the hepatic copper and none of the mercury were found to be associated with metallothionein in the cytosol. In order to gain more understanding of how these metals are tolerated, a morphological approach was employed. In this mode of investigation, substantial differences were noted among liver of Hg2+-and Cu2'-treated and untreated fish. The changes observed may be related to the species' ability to tolerate these metals. taken from the middle part, well away from the hilus, and fixed for electron microscopy. The remainder of the liver was divided in half, each part weighed, then prepared for analysis by atomic absorption spectrophoto- (4) . Data thus collected were subjected to analysis of variance (ANOVA). The identity of organelles was confirmed by electron microscopy. Some blocks of tissue which had been embedded without OS04 fixation, were analyzed by energy-dispersive X-ray analysis (EDXA). Sections of these blocks were mounted on titanium grids, carbon-coated and examined (CTEM mode) without any electron stain in a JEOL 100B electron microscope fitted with a Kevex X-ray microanalyzer.
Results
The concentrations of Hg and Cu in the fishes' livers are presented in Table 1 . There were no significant differences in Cu concentration by t-test between runs, between sexes, between treatment regimens, between controls and any treatment regimens, or, by regression analysis in relation to sizes; however, the high variance observed may preclude detection of differences. The only significant differences in the data in Table 1 The relation between metal uptake data and morphometric data from individual specimens was tested by Spearman's rank correlation test (5) . There was a significant correlation between Hg uptake and lipid content (r8 = 0.621, p < 0.01). There was no significant relationship between Cu uptake and lysosome content; this may reflect a lack of correlation and/or the high variance encountered in Cu concentrations.
EDXA of Cu-exposed tissue demonstrated the localization of Cu within some of the dense bodies that were presumably the large lysosomes (Fig. 4) . No Cu signal could be generated from either adjacent cytoplasm, presumptive nuclei, or from any area of control hepatocytes.
No attempt was made to locate Hg by EDXA, because previous experience had suggested that the small amount of Hg in the tissue is volatilized by the electron beam before a significant signal can be generated and detected. sue levels. Chernoff and Dooley (6) pointed out that Fundulus heteroclitus has higher concentration factors for copper from lower environmental levels, resulting in a degree of equalization of tissue levels. In our laboratory system, great variance was found between similarly treated individuals in both control and experimental treatment groups. This may reflect differences in feeding activity, thus resulting in different degrees of uptake from the food (at 22 ppm). Hg levels in Hg-treated fish were more consistent and significantly different from the controls. This reflects the lack of detectable Hg in both the food and the control water; only the Hg2+-treated water was a source of Hg. No relationships were found between uptake of either metal and size or sex; this is in contrast to findings for Cu in this species reported by Chernoff and Dooley (6) , but is in agreement with Eisler and LaRoche (7) for Cu versus sex.
Livers of Cu2+-exposed fish consistently developed very large secondary and tertiary lysosomes. It is known that lysosomes accumulate metals (8) , and the appear- (14) , as well as in the liver (15) . As a result, 70 to 90% of Hg in fish is methylated (16) . We have confirmed this in Fundulus heteroclitus (2) . Thus, the increase in hepatic lipid could be a mechanism to sequester this lipid-soluble form of the metal. Hepatic lipid was found to be increased in humans with Minamata disease (17) and was experimentally induced by treatment with methylmercury in rats (18) and in ducks (13) . But, as discussed by Bhatnagar et al. (13) , lipid accumulation is a typical reaction to cytotoxicity, probably related to inhibition of protein synthesis (19, 20) . This could be the mechanism operating in our Hg2e-treated fish, and would also explain why the Hg/Cu treatments resulted in only an increase in cellular lipid. The liver may have suffered sufficient toxic reaction to be unable to respond to the Cu. If this is true, sequestering of Hg by lipid may be simply coincidental to a toxic reaction. On the other hand, we did not find pathological changes such a focal cytoplasmic degeneration and swollen organelles as described in these other reports.
As a result of the observations described in this report, two separate mechanisms have been suggested for the sequestering of two different heavy metals in a teleost fish. How the fish then depurates the sequestered metals remains to be determined.
